Many animals rely on vision to detect, locate, and track moving objects. In Drosophila courtship, males primarily use visual cues to orient toward and follow females and to select the ipsilateral wing for courtship song. Here, we show that the LC10 visual projection neurons convey essential visual information during courtship. Males with LC10 neurons silenced are unable to orient toward or maintain proximity to the female and do not predominantly use the ipsilateral wing when singing. LC10 neurons preferentially respond to small moving objects using an antagonistic motion-based center-surround mechanism. Unilateral activation of LC10 neurons recapitulates the orienting and ipsilateral wing extension normally elicited by females, and the potency with which LC10 induces wing extension is enhanced in a state of courtship arousal controlled by male-specific P1 neurons. These data suggest that LC10 is a major pathway relaying visual input to the courtship circuits in the male brain.
In Brief
A specific class of visual projection neurons are dedicated to guiding courtship behaviors in Drosophila.
INTRODUCTION
Visual detection and localization of moving targets are essential tasks in the life of many animals. For example, a raptor hunting prey (Nikonov et al., 2006) , a zebrafish larva capturing paramecia (Budick and O'Malley, 2000) , or a housefly chasing a conspecific (Land and Collet, 1974) all use visual cues to adjust their motor output to the movements of their target with sub-second precision. In several systems, the neural circuits involved in detection, location, and tracking of moving targets are beginning to be explored. For example, in large flies, visual neurons projecting to the central brain detect small visual objects and are proposed to aid in object tracking (Gilbert and Strausfeld, 1991; Nordströ m et al., 2006; Trischler et al., 2007) . Similarly, in zebrafish larvae, one relay station receiving inputs from the retina and the optic tectum has been implicated in prey capture (Del Bene et al., 2010; Gahtan et al., 2005) . Nonetheless, how vision guides the tracking of a potential mate or prey is still poorly understood. Here, we investigate visual tracking in fruit flies.
Drosophila melanogaster males display an intricate courtship ritual composed of stereotypic actions performed in a variable sequence. These courtship actions include extension and vibration of a single wing to produce courtship song, orienting toward the female, following, tapping, licking, attempted copulation, and copulation (Hall, 1994) . Olfactory and gustatory cues signal the species, gender, and receptivity of a potential mate and are thought to influence the male's decision to initiate courtship (Dweck et al., 2015; Kurtovic et al., 2007; Lu et al., 2012; Thistle et al., 2012; Toda et al., 2012) . Vision affects courtship success (Krstic et al., 2009; Markow, 1987; Markow and Hanson, 1981; Markow and Manning, 1980) and may also contribute to courtship initiation (Agrawal et al., 2014) , but more generally is thought to control the timing and execution of specific actions (Cook, 1979 (Cook, , 1980 Sakai et al., 1997) . In particular, vision has been proposed to be essential for the male to effectively chase the female (Cook, 1979 (Cook, , 1980 and to extend the wing closest to the female when singing (Kohatsu and Yamamoto, 2015; Pan et al., 2012) ; that is, to direct his courtship displays toward the target. Visual cues may also be used to assess the distance to the female, and to accordingly modulate the amplitude of song pulses (Coen et al., 2016) .
Visual input consists of a two-dimensional array of light intensities varying across space and time. Several computational steps are needed to extract visual features such as wide-field motion, small visual objects, and looming objects (Borst, 2014) . In vertebrates, visual features are relayed to the central brain by retinal ganglion cells, which connect the plexiform layers in the retina with several regions in the central brain (Dhande et al., 2015) . Several classes of retinal ganglion cells exist, each presenting a different response profile to such visual features (Baden et al., 2016) . These include direction-selective and non-selective cells that sense either local or global motion (Baden et al., 2016; Dhande et al., 2015) . The invertebrate analogs of the vertebrate retinal ganglion cells are the visual projection neurons, which connect the neuropils of the optic lobe to the central brain. Many visual projection neurons have been characterized in larger flies. For example, male hoverflies, blowflies, fleshflies, houseflies, and hawk moths pursue their mates in flight (Land and Collet, 1974; Olberg et al., 2000) , and in each of these species visual projection neurons have been identified that detect small targets with angular sizes and speeds matching those of conspecifics (Collet, 1972; Gilbert and Strausfeld, 1991; Nordströ m et al., 2006; Trischler et al., 2007) . Many of these visual projection neurons are sexually dimorphic and receive visual input from the acute zone, a specialized area in the male retina with high visual acuity. Functional characterization of visual neurons during behavior is difficult in these systems, however, and if and how these neurons convey visual cues during mate pursuit remains an open question.
Recently, studies in Drosophila have begun to define the many distinct classes of visual projection neurons and link their detection of specific visual features with behavioral output (Haikala et al., 2013; Kim et al., 2017; von Reyn et al., 2017; Wu et al., 2016) . Many classes of visual projection neurons have been described based on the optic lobe neuropils they innervate and the optic glomeruli they target in the lateral protocerebrum of the central brain (Otsuna and Ito, 2006; Wu et al., 2016) . Large tangential cells projecting from the lobula plate sense large field optic flow and are thought to regulate flight stabilization (Joesch et al., 2008; Kim et al., 2017; Maimon et al., 2010) . Lobula columnar (LC) neurons of various subtypes tile the lobula neuropil (Otsuna and Ito, 2006; Wu et al., 2016) , some of which have been assigned functional roles. LC6 and LC16 neurons sense looming stimuli and when artificially activated elicit escape, by jumping or backward walking respectively (Wu et al., 2016) . LC11 neurons specifically sense small dark objects (smaller than 10 ) (Keles x and Frye, 2017) but have not yet been shown to function in target tracking. Indeed, unlike larger flies, fruit flies court on food substrates at short distances from the target, at which conspecifics are more likely to subtend large angular sizes (above 20 ) on the male retina, outside the size range sensed by LC11.
We hypothesized that courtship-relevant visual information might be conveyed by a different subset of visual projection neurons and set out to identify and characterize these neurons. We present evidence that the LC10 class of visual projection neurons responds to moving targets that have angular sizes and speeds matching those of the female during courtship, and that their activity is both necessary and sufficient for visually guided aspects of male courtship behavior. Our work clarifies the contributions of visual input to male courtship behavior in Drosophila and provides a causal link between a major visual pathway and directed courtship.
RESULTS

Automated Video Analysis Defines the Role of Motion Vision in Directed Courtship
We developed the MateBook software to automate the analysis of courtship videos ( Figure S1 ; STAR Methods). MateBook uses machine vision techniques to track the trajectories and wing positions of each of two flies in circular chambers and derive a number of fly-specific and pairwise attributes for each video frame (Table S1 ). Specific courtship actions are detected by applying user-defined classifiers. A challenge in the automated analysis of courtship is the high frequency of occlusions, in which the initial image segmentation yields only a single merged object. This makes it difficult to assign wings to individual flies during occlusions, and to maintain individual fly identities across occlusions. MateBook only reports wing positions during those occlusions in which the merged object can reliably be resolved into two flies. To assign fly identities across occlusions, MateBook relies on the distinct sizes of the two flies (females are typically larger than males) and an estimate of the more likely trajectories through the occlusion. Its accuracy in resolving occlusions depends on the assay and video format. For all the assays reported here, we used chambers of 18 mm diameter and acquired video recordings at 25 Hz. In a test set of 15 manually annotated videos of wild-type males courting wild-type females, 3,140 (96%) of 3,275 occlusions were correctly resolved. Because identity assignment relies on size differences that are detectable in non-occluded frames, misassignments are generally confined to shorter sequences between two occlusions and not propagated through the entire video. Importantly, the courtship statistics reported by MateBook for this test set of videos were indistinguishable between the datasets generated using automated or manual identity assignments ( Figures 1A, 1B , 1F, S2A, and S2H). Accordingly, we relied exclusively on fully automated video analysis by MateBook for all data reported here.
We used MateBook to reexamine the role of vision in courtship behavior, assessing males that were completely blind (ort mutants, which lack the ionotropic histamine-gated chloride channel required in lamina monopolar cells for neurotransmission from all photoreceptor cells R1-R8) (Bulthoff, 1982) , lack visual input from photoreceptors R1 to R6 (ninaE mutants, which lack Rhodopsin1 (Rh1) in photoreceptors R1-R6) (Scavarda et al., 1983) , or motion-blind due to expression of tetanus toxin light chain (TNT) (Sweeney et al., 1995) in the elementary motion-detecting neurons T4 and T5 (''T4T5 block'' flies) (Schnell et al., 2012) . The most pronounced courtship deficit in each of these visually impaired males was a dramatic reduction in their ability to orient toward and remain close to the female ( Figures  1C-1E , 1G-1I, S2B, and S2C), and hence less frequent detection of following, courting, and copulation events (Figures S1C-S1E and S1H-S1J). For wild-type control males, the distributions of the angle toward and the distance from the female were highly biased to small values (but not zero, due to the curvature of the chambers and the fly body length, respectively; Figure 1B ). In contrast, for the completely blind ort males, no such bias was observed and the distributions of the angles and distances to the female were indistinguishable from those obtained from data in which the female positions were shuffled ( Figure 1C ). R1-R6-blind ninaE males were only marginally better at orienting and following than ort males ( Figure 1D ); T4T5-block males did show some bias for low angles and distances, yet still well below the level observed with control males (Figures 1E and S2B) .
Despite the severe reduction in orienting and following by each of these visually impaired males, the frequency of wing extension was only mildly affected, if at all ( Figure S1I ). Males preferentially sing by vibrating the wing that is oriented toward the female (Kohatsu and Yamamoto, 2015; Pan et al., 2012) , as we confirmed in our analysis of wild-type males by plotting the distribution of the female's position when a wing is extended ( Figure 1F) , and by computing a wing choice index ([ipsilateral -contralateral wing extensions]/total wing extensions; Figure 1F ). This ipsilateral bias is lost in ort and ninaE mutants and T4T5-block flies ( Figures 1G-1I) . We conclude that vision, and in particular and visualized with anti-FLAG (green) and anti-Brp (magenta) antibodies. Scale bar, 10 mm. (E-H) Probability density functions of the absolute angle q and distance for single-pair courtship assay between males of the indicated genotypes and Canton S females for real (blue) and shuffled (gray) data.
(legend continued on next page) Rh1-dependent vision, is essential for males to direct their locomotion and wing extensions toward the female during courtship.
Visual Projection Neurons Required for Directed Courtship
We searched for visual projection neurons that might relay courtship-relevant visual features from the optic lobes to the central brain. Reasoning that such neurons, like many involved in courtship behavior, might express the fruitless (fru) gene (Kimura et al., 2008) , we initially focused on fru + visual projection neurons by screening for courtship deficits in flies in which TNT was expressed in cells co-labeled by fru-FLP and various VT enhancer GAL4 lines that were known to target visual projection neurons (Tirian and Dickson, 2017) . Four positive lines were identified (VT043656, VT040012, VT047880, VT002224), each of which, when combined with fru-FLP labeled 15-30 neurons that connect the lobula and the anterior optic tubercle (AOTu) (Figure S3A) . These cells appeared to be a subset of the neuronal class that was previously described as Lv1+Ld (Kimura et al., 2008) or LC10 (Aptekar et al., 2015; Otsuna and Ito, 2006; Wu et al., 2016) cells; we use the latter designation here. We used the split-GAL4 technique (Luan et al., 2006; Pfeiffer et al., 2010) to derive three independent driver lines specific for the LC10 cells, which we refer to as LC10-SS1, LC10-SS2, and LC10-SS3 (Figures 2A-2C and S3B; Table S2 ). They each label $100 cells per hemisphere. A strong reduction in directed courtship was observed when we expressed TNT with any of these three drivers ( Figures 2E-2L , S1F, and S1G). These LC10-silenced males were impaired in their ability to orient toward and remain close to the female during courtship . When they sang, they did so without any bias for the ipsilateral wing . These deficits are most likely due to a difficulty in locating the female, not a reduced motivation to court, since males with silenced LC10 neurons vigorously courted females immobilized by decapitation ( Figures S3E-S3H ).
Four LC10 subtypes have been defined, based on their distinctive dendritic arborizations in the lobula (Wu et al., 2016) . LC10-SS1 mostly labels the LC10a subtype, which arborizes in lobula layers 3 to 5 with lateral extensions in layers 4 and 5B (>30 cells for SS1, Figures 2D and S3C ). Most cells labeled by LC10-SS2 and LC10-SS3 also appear to belong to the LC10a subtype, with some additional cells with arborizations spanning larger areas of the lobula, likely of LC10b subtype (data not shown) (Wu et al., 2016) . We also found that $60% of the cells labeled in LC10-SS1 co-express fru-LexA ( Figure S3D ) (Mellert et al., 2010) , suggesting that our initial intersections with fru-FLP likely targeted these fru + LC10a neurons. The common silencing phenotype observed using each of these intersectional strategies thus most likely reflects the function of fru + LC10a neurons, although we cannot exclude an additional contribution from either fru À LC10a neurons or LC10b neurons ( Figure S4 ). We could not detect any sex differences in the morphology of LC10 neurons. To test for possible functional differences, we genetically feminized them using LC10-SS1 or LC10-SS2 to drive a UAS-tra transgene (Billeter et al., 2006; Boggs et al., 1987; Ferveur et al., 1995) . Males with feminized LC10 neurons tracked and courted females just as well as control males did ( Figures S3I-S3Q ).
LC10 Neurons Are Required for Visual Object Tracking
Neural processing within the optic lobe is thought to extract relevant visual features from the spatial array of retinal inputs, which are delivered to the central brain by visual projection neurons. To determine which visual features might be relayed by LC10 neurons, we probed the responses of LC10-silenced flies to a range of specific visual stimuli. Tethered males were placed on an airsuspended ball, gently warmed to instigate robust walking, and presented with visual stimuli displayed on three computer screens placed around the fly Seelig et al., 2010) . In this set up, LC10-silenced males were indistinguishable from controls in their ability to turn in the same direction as a rotating full-field grating ( Figures 3A, 3B (Fujiwara et al., 2017) . We therefore tested responses to smaller objects in a closed-loop configuration. We developed a three-dimensional closed loop stimulus consisting of a virtual cylinder in which a rectangular fly-sized virtual object moves around a circle of 25 mm diameter at a constant speed of 7.85 mm/s, within the speed range of females in a courtship arena ( Figure 3G ). The position, size, and speed of this virtual object were adjusted according to the male's locomotion within the virtual cylinder. Wild-type and control males tracked a dark virtual object, keeping it centered and in close virtual distance ( Figures 3H, 3I , and S5I-S5L). Curiously, control males also tracked a bright virtual object but aimed for its edges, resulting in high probabilities of the bright virtual object being kept close but both central and lateral to the male ( Figures  3L, 3M , and S5M-S5P). In contrast, LC10-block males did not track either dark or bright virtual moving objects ( Figures 3J,  3K, 3N , and 3O). The overall locomotion of LC10-block males was indistinguishable from control males when presented with an invisible virtual object ( Figures 3P-3S and S5Q-S5T), as were the distributions of translational and rotational speeds across tests ( Figures S5U and S5V) . We conclude that LC10 neurons are specifically required to track the virtual object.
Functional Imaging of LC10 Neurons Reveals a Preference for Visual Figures
A moving virtual object presents a number of different visual features, such as its motion, angular size, or angular position. We (legend continued on next page) performed functional imaging to determine the visual features that activate LC10 neurons. Immobilized males expressing the calcium indicator GCaMP6m under control of the LC10-SS1 line were presented with visual stimuli while their calcium responses were recorded with a 2-photon microscope (Chen et al., 2013; Maisak et al., 2013) . To avoid mixing calcium responses from multiple cells in the same trace, we selected regions of interest that included only a single punctum within either the lobula or the AOTu (Figures 4A and 4B ). LC10 neurons responded more strongly to moving visual figures, such as a square or long bar ( Figures 4C-4F ), than to full-field stimuli, such as gratings that moved vertically or horizontally (Figures 4G and 4H) (Aptekar et al., 2015) . LC10 calcium responses were similarly strong for square bars of either contrast, but markedly stronger for bright long bars than for dark long bars. For the visual figures, the direction of movement had only a modest impact on the calcium response ( Figure 4I ). No response was observed with flickering gratings ( Figure 4J ), but, surprisingly, OFF full-field flicker elicited a detectable but slow increase in the calcium signal in LC10 neurons, most notably in their dendrites ( Figure 4K ). Both bright and dark looming discs elicited a calcium response in LC10 neurons, with rapidly looming stimuli eliciting much faster transients than slowly looming stimuli ( Figures 4L-4O ). Responses of LC10 neurons in females were qualitatively and quantitatively similar to their responses in males ( Figures  S6D-S6O ). In summary, LC10 neurons respond more strongly to various moving objects than they do to full-field motion stimuli.
A Motion-Based Center-Surround Mechanism for Figure Detection by LC10 Neurons LC10 terminals are retinotopically arranged in the AOTu (Wu et al., 2016) , suggesting that LC10 neurons might provide positional information of moving objects. If so, we would expect that LC10 dendrites collect visual information from a limited area within the visual field. To determine the LC10 receptive field, we presented random white noise patterns of 5 by 5 squares covering the entire stimulus arena ( Figure 5A ). This motionless white noise stimulus led to small calcium transients in the LC10 arborizations in the lobula, indicating that LC10 neurons respond to local luminosity changes. Cross-correlation between the time series of random checkered patterns and LC10 calcium responses yielded a local OFF-selective receptive field spanning an area of $25
( Figure 5B ). Because the calcium transients evoked by local flicker were much smaller than those elicited by moving bars, we reasoned that other local visual features might contribute to figure detection by LC10 neurons. Naturalistic visual scenes as well as artificial visual stimuli contain many local edges-the sharp, moving borders between two areas of the visual scene with opposing contrasts. By presenting single full-field moving edges with opposing contrasts, we determined that LC10 neurons are indeed sensitive to edges. These stimuli triggered sharp but low calcium transients in the LC10 dendrites and axon terminals ( Figure S6A ), without a clear preference for direction (Figures S6B and S6C) . In LC10 dendrites, dark edges elicited a low and slowly decaying calcium transient whereas bright edges elicited a strong and rapidly decaying response. Importantly, calcium transients evoked by moving edges were stronger than those evoked by local flicker, suggesting that edge motion constitutes an important input to LC10 neurons.
How might LC10 neurons detect small objects? A plausible hypothesis is that LC10 neurons might be part of a system that discriminates moving objects from the background by sensing local motion cues that differ from the global motion of the visual scene. The hallmark of such mechanism would be a receptive field selective to motion at one spot but inhibited by motion around that spot, i.e., a motion-based antagonistic center-surround configuration of the receptive field (Reichardt and Poggio, 1976) . To test this, we presented a motion noise stimulus consisting of 10 sine gratings with a wavelength of 20 , moving independently within 10 stripes at different elevations in the visual arena ( Figure 5C ). Each grating followed a random velocity profile with a mode of 20 /s (Figures 5D and 5E), creating a stimulus with stochastic velocity within each stripe and uncorrelated motion between stripes ( Figure 5F ). Calcium transients recorded in isolated puncta in LC10 arborizations were positively correlated with the speed at the center of the receptive field at a specific elevation (red in Figures 5G , S6P, and S6Q), with a milder inverse correlation in neighboring elevations (blue in Figures 5G and S6Q ). The observed temporal component of the receptive field was slower than the stimulus autocorrelation, indicating that the speed of the motion noise stimulus did not distort our estimation of the temporal component ( Figures 5H, S6R , and S6U-S6Z). The spatial component of this motion-based receptive field presents a local antagonistic center-surround configuration, with a high correlation to speed in the center and a lower and inverse correlation in the surround (Figures 5I, S6S, and S6T). We conclude that LC10 neurons are preferentially sensitive to visual figures due to a motion-based center surround component in their response. The observed low calcium responses to long dark bars are in agreement with such a mechanism. The strong calcium responses to long bright bars are not, possibly indicating that the motion-based center surround observed in LC10 neurons relies on motion in the OFF channel.
LC10 Neurons Are Tuned to Visual Figures with Behaviorally Relevant Sizes and Speeds
We calculated the projection of the ellipse that MateBook fitted to the female onto the male retina for every frame across a total of 6 min of courtship between wild-type males and females. The computed azimuthal angular size of the female ranged from 10 to 140
, with a peak at around 80 that was clearly distinct from shuffled data (Figures 6A and 6B) and reflects the male's tendency to maintain close proximity to the female. Angular speeds were consistently lower than 70 /s, with a slightly wider range in (G) Virtual cylinder arena and virtual moving object. (H, L, and P) The three-dimensional virtual object was either dark (H) , bright (L), or invisible (P). See also Figure S5 and Table S2 .
the observed data compared to shuffled data (Figures 6A and 6B) . These tendencies to larger angular sizes and a wider range of angular speeds were even more pronounced in frames classified as courtship ( Figure 6C ). To assess whether LC10 neurons might be tuned to the visual cues presented by a female during courtship, we examined their calcium responses to short bright bars ranging in angular size from 10 to 80 , moving at absolute angular speeds of up to 550 /s. We found that LC10 neurons are See also Figure S6 and Table S2. broadly tuned with respect to size but more narrowly tuned with respect to speed, with a preference for stimuli moving in either direction at 150 /s or less ( Figures 6D-6F ). LC10 neurons are thus broadly tuned to moving figures across a range of angular sizes and speeds that match those a female is likely to present during courtship behavior.
Activation of LC10 Neurons Elicits Directed Courtship Actions that Are Enhanced in a P1-Induced State of Arousal
The data presented thus far indicate that LC10 neurons are likely to be intermittently activated during courtship, depending on the location and movement of the female, and their activity is necessary for the male to turn toward and follow the female and to preferentially use the ipsilateral wing to sing. If LC10 neurons represent the relative position of the female, then unilateral activation of LC10 neurons in an isolated male should be sufficient to trigger ipsilateral turning and wing extension. We tested this by stochastically expressing the optogenetic activator CsChrimson in subsets of LC10 neurons using the LC10-SS1 driver (STAR Methods) (Klapoetke et al., 2014; Wu et al., 2016) . Individual males were placed in a courtship arena illuminated with weak blue light to monitor any behavioral response and exposed to a 0.5-s, 2-s, or 10-s pulse of 627 nm light to activate CsChrimson. See also Figure S6 and Table S2 .
Subsequently, their brains were dissected to determine post hoc whether CsChrimson was expressed in LC10 neurons, and if so, on which side ( Figures S7A and S7B ). Males in which LC10 neurons were found to have been unilaterally activated turned ipsilaterally without any noticeable increase in forward velocity . A similar unilateral turn was observed in males in which CsChrimson was expressed bilaterally but activated unilaterally by focal stimulation on the ball set up ( Figures  S7D-S7F ). The longer 10-s light pulses also elicited brief wing extensions (lasting 120-240 ms), which were, as predicted, strongly biased to the ipsilateral side ( Figure 7E ). Thus, in isolated males, unilateral activation of LC10 neurons elicits the same motor responses-ipsilateral turning and wing extension-that are lost when LC10-silenced males court females. LC10 neurons are functionally monomorphic yet contribute to a male-specific behavior, suggesting that visual information conveyed through LC10 is processed in a sex-specific manner in the brain. A set of brain neurons that might influence such dimorphic processing are the male-specific P1 cells (Kimura et al., 2008) , the activity of which is both necessary and sufficient for robust courtship behavior (Kohatsu et al., 2011; Pan et al., 2012; von Philipsborn et al., 2011) . Notably, acute activation of P1 neurons elicits courtship that persists for many minutes after the activating stimulus, suggesting that P1 activation induces a lasting state of courtship arousal (Bath et al., 2014; Inagaki et al., 2014) . We hypothesized that the ability of LC10 activation to elicit courtship actions might be modulated by this P1-induced state of arousal.
We identified an LC10-LexA line that drives expression almost exclusively in LC10 neurons (Figures S7G and S7H) , allowing us to test this prediction using a P1-GAL4 driver (von Philipsborn et al., 2011) to induce the arousal state. Bilateral optogenetic activation of all LC10 neurons using either the LC10-SS2 GAL4 driver or the LC10-LexA driver induced single wing extensions at similar frequencies ( Figure 7G ), slightly below the frequency with which they had occurred upon unilateral activation (Figure 7E) . We did not observe any turning in these experiments, presumably due to the bilateral activation, nor the ''reaching'' phenotype that has previously been reported to result from LC10 activation (Wu et al., 2016; reaching was however (B and D) , or all frames in which MateBook detected orienting, following, or wing extension (C) . In (D) , data are rebinned according to the angular sizes and speeds tested in functional imaging (E and F) such that each bin contains the tested angular size or speed ±10
.
(E and F) Average maximum normalized calcium responses in LC10 processes in the lobula (E, n = 46 ROIs in 6 flies) and AOTu (F, n = 37 ROIs in 4 flies) in LC10-SS1>GCaMP6m males to moving bright bars of various speeds and sizes. See also Table S2 .
observed when males were tested in groups, as in this previous report). These males are not expected to be in a state of courtship arousal. To induce this state, we pre-activated P1 cells thermogenetically using TrpA1 by heating flies to 31 C for 2 min, just prior to the series of light pulses used for optogenetic activation of LC10 neurons. As predicted, P1 pre-activation greatly enhanced the frequency of LC10-induced wing extensions (Figures 7F and 7G) . These observations are consistent with the view that, in aroused males, visual information conveyed via LC10 cells is channeled toward the brain circuits that control courtship song.
DISCUSSION
Our work has identified the LC10 visual projection neurons as a major visual pathway mediating directed courtship in Drosophila males. LC10 neurons are broadly tuned to moving objects, which they detect via an antagonistic center-surround mechanism. If LC10 neurons are silenced, males are less able to track the female and select the ipsilateral wing to sing. Conversely, if LC10 neurons are unilaterally activated, isolated males turn ipsilaterally and extend the ipsilateral wing. The frequency of wing extensions is significantly enhanced if males 
time ( See also Figure S7 and Table S2. are placed into a state of arousal via pre-activation of the malespecific P1 neurons. LC10 neurons are morphologically and functionally similar in males and females, but the processing of their inputs in the brain is evidently both sex-specific and state-dependent. This processing likely also uses positional information encoded in the spatial pattern of LC10 activity to control the laterality of motor output.
The Role of LC10 Visual Projection Neurons in Directing Sex-Specific and State-Dependent Courtship Actions Upon encountering another fly, a Drosophila male decides whether or not to court based on long range olfactory cues (Datta et al., 2008; Dweck et al., 2015; Kurtovic et al., 2007 ) and short range gustatory cues (Billeter et al., 2009; Lu et al., 2012; Thistle et al., 2012; Toda et al., 2012) . These chemosensory cues are thought to signal the target's species, gender and receptivity. The role of vision in courtship initiation has been less clear. An earlier suggestion that flies might discriminate genders by visual assessment of body pigmentation (Kopp et al., 2000) would seem to be contradicted by the results of experiments that have manipulated pheromone profiles and clearly demonstrated that courtship initiation tracks with the pheromone profile, not the body pigmentation, of the target (Billeter et al., 2009; Demir and Dickson, 2005; Ferveur et al., 1997) . Consistent with the view that visual cues have little bearing on the initial decision to court in our courtship chambers, we have shown here that blind males present wing extension frequencies similar to those of visually intact males. Nonetheless, an inanimate moving object the size of another fly can elicit courtship from a male (Agrawal et al., 2014) , and unilateral activation of LC10 neurons in isolated males can induce ipsilateral wing extensions, albeit at a relatively low frequency. Thus, males might preferentially initiate courtship in response to chemical cues, as these more reliably signal gender and species identity, but in the absence of any chemosensory information can still be aroused, albeit less potently and specifically, by the visual detection of a flysize moving object. The chemosensory cues that trigger courtship are believed to activate the male-specific P1 neurons (Clowney et al., 2015; Kallman et al., 2015; Kohatsu et al., 2011) , which induce a persistent state of courtship arousal (Poehlmann et al., 2014; Inagaki et al., 2014) . In this state, visual tracking and directed wing extension are greatly enhanced. For example, either exposing the male foreleg to female contact pheromones (Kohatsu et al., 2011) , or directly activating P1 neurons using optogenetics (Kohatsu and Yamamoto, 2015) , stimulates a male to track a moving visual target. Similarly, an inanimate moving object is much more potent in eliciting courtship from a male if it is perfumed with female pheromones (Agrawal et al., 2014) . Our data suggest that these conditional courtship actions are due to the sex-specific and state-dependent processing of visual information provided by LC10 neurons.
In larger flies, several classes of visual projection neurons have been proposed to function in the context of courtship pursuits performed by males during flight (Gilbert and Strausfeld, 1991; Nordströ m et al., 2006 Nordströ m et al., , 2008 Trischler et al., 2007) . Typically, these small target feature neurons are sexually dimorphic and narrowly tuned to rather small, dark bars or spots and, in some cases, display directional selectivity. In contrast, Drosophila LC10 neurons are present in both sexes (Kimura et al., 2008; Wu et al., 2016) and are sensitive to bars with opposing contrasts and a broad range of angular sizes and speeds. Although they express fru, we have not noted any anatomical or functional differences between the sexes. The fru + DA1 class of olfactory projection neurons that respond to the pheromone cis-vaccenyl acetate are similarly functionally monomorphic (Datta et al., 2008) , but connect to distinct postsynaptic neurons in males and females (Kohl et al., 2013) . This dimorphic connectivity is controlled by fru and likely contributes to the distinct behavioral responses of males and females to cis-vaccenyl acetate. The more compact termini of the LC10 visual projection neurons in the AOTu, together with the lack of any knowledge of their postsynaptic targets, makes it difficult at this point to discern whether fru instructs similar dimorphic connectivity downstream of LC10 neurons, but we speculate that this is likely to be the case. While LC10 neurons do not appear to be the Drosophila analogs of the highly selective small target feature neurons of these larger flies, it remains possible that some other class of visual projection neurons fulfills this role in Drosophila. Perhaps the closest analog to these cells in Drosophila are the LC11 neurons, which, although not sexually dimorphic, are tuned to smaller objects than LC10 neurons and might therefore be more important in long range courtship initiation (Keles x and Frye, 2017). It is, however, also possible that the sexually dimorphic small target feature detection neurons of larger flies are a unique specialization associated with the challenge of relying primarily on visual cues for species and gender identification during flight-tasks for which Drosophila relies more on chemical than visual cues.
Extracting and Using the Visual Information Encoded by LC10 Neurons
A courting male detects the female as a moving object superimposed on a visual scene that itself may be moving on the retina due to the male's own locomotion. Our work suggests that LC10 neurons rely on a motion-based center surround to detect small objects against the visual background. In this mechanism, an LC10 cell is activated by the detection of movement within its receptive field but inhibited by movement just outside this field.
How might the information provided by LC10 neurons be used by circuits in the central brain to orient courtship behavior toward the female? In principle, three different types of algorithm might be employed to locate the female. First, the laterality of the target could be determined by comparing activities of left and right LC10 neurons. Second, because the LC10 termini are arranged topographically in the AOTu (Wu et al., 2016) and exhibit small receptive fields, they can also convey the precise angle toward the female. Third, the speed and direction of movement could be computed from the temporal pattern of LC10 activity across the topographic array of their termini in the AOTu, allowing downstream brain circuits to predict the female's future position. For ipsilateral wing extension, the first and simplest algorithm would suffice. An orienting turn, however, would likely involve the computation of a turning angle from the female's position and movement. Additionally, the number of LC10 cells activated might also be used to estimate the distance to the female, which would determine the amplitude of any song produced, and whether or not the orienting turn is accompanied by an increase in forward locomotion.
In summary, our findings establish a link between visual feature detection and specific motor responses, identifying the LC10 visual projection neurons as moving object detectors used for directed courtship. This work paves the way for a detailed investigation of the neural circuits and computations that extract these visual features and use them in a sex-specific and state-dependent manner. Our functional characterization of LC10 visual projection neurons thus represents a critical first step in elucidating the neural processing that underlies a paradigmatic visuomotor transformation.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Several lines of the fruit fly Drosophila melanogaster were used in this study and are listed in Table S2 and Key Resources Table. Flies were raised in vials containing standard cornmeal-agar medium supplemented with baker's yeast and incubated at 25 C with 60% humidity and 12h bright light/dark cycle throughout development and adulthood. Males were the subject of interest in all experiments, with the exception of functional imaging in Figures S6D-S6O . In this case, females were treated similarly to males (see below). For single-pair courtship behavior assays (Figures 1, 2, 6 , S1, S2, S3, S5, and S6), males were collected as virgins (i.e., 2 to 8 hours post-eclosion), reared in isolation and aged until 7 to 9 days old. Wild-type females used in the assay were collected as virgins, group housed and aged to 2 to 5 days old. Courtship assays were carried out within 3 hours after onset of light or before onset of darkness, respecting fly circadian peaks of activity. For experiments on the ball set up (Figures 3 and S5 ), males were group housed with other males and females of the same genotype and aged to 6 to 7 days old. Males used in functional imaging (Figures 4, 5, 6 , and S6) were either group housed with females of the same genotype or reared in isolation and aged to 9 to 11 days old. Since no appreciable differences between group housed and isolated males were observed, the data from both conditions were pooled and analyzed together. For artificial activation experiments (Figures 7 and S7) males were group housed with other males of the same genotype and reared until 6 to 12 days old. For stochastic activation experiments (Figures 7 and S7 ), flies were heat-shocked at 1 st -instar larva stage at 37 C for 15 min to 30 min, then returned to 25 C. For stochastic and full expression activation experiments, artificial activation relied on expression of CsChrimson, a rhodopsin-like cation channel activated by red light (Klapoetke et al., 2014) . all-trans retinal (30mg/ml) was added to approx. 40ul yeast paste which replaced baker's yeast in otherwise unaltered fly food. Males were transferred to fresh all-trans retinal food vials every two days during adulthood and aged until 6 to 8 days old for stochastic expression and 8 to 12 days for full expression. Starting from adulthood, males were also reared under blue light until test day, with other incubation conditions unaltered. Males were incubated for 2 min at 31 C in order to achieve acute activation of P1 neurons in Figures 7F and 7G with NP2361-GAL4; light stimulation of LC10 neurons was performed after this incubation period, at 25 C.
METHOD DETAILS Fly Genetics
The split lines LC10-SS1, LC10-SS2 and LC10-SS3 lines expressing in LC10 neurons were based on an initial behavioral screen in which VT-GAL4 lines expressing in fruitless-positive visual projection neurons (T. Liu and B.J.D., unpublished observations) (Tirian and Dickson, 2017) were tested in single-pair courtship assays. The respective split-halves were generated by cloning the corresponding tiles into vectors containing either GAL4 split half (Pfeiffer et al., 2010) and further tested for expression in LC10 neurons.
Other flies used in this study include: Canton S; ninaE 7 mutants (Scavarda et al., 1983; BL2103) ; ort 1 mutants (Bulthoff, 1982; BL1133) ; UAS-TNT (Sweeney et al., 1995) ; UAS-CD8:GFP (Lee and Luo, 1999) ; UAS-CD8-tdTomato (Toda et al., 2012) ; UASGCaMP6m in attP40 (Chen et al., 2013) ; UAS-CsChrimson-Venus in attP18 (Klapoetke et al., 2014) ; UAS-MCFO ; UAS-FRT-stop-FRT-CsChrimson-Venus in attP18, hsFlp2:PEST in attP3 and the LC10 lines OL19B, OL20B, OL22B, OL23B, SS3822, SS2669 and SS2681 (Wu et al., 2016 ; UAS-tra (Ferveur et al., 1995) 
Courtship Behavior
To test courtship behavior, a naive male (reared in isolation) was paired with a virgin female inside a chamber measuring 18mm in diameter and 4mm in height, with a removable strip separating the chamber in two halves, in which each fly awaited the start of the assay. A single plate containing eight such chambers was placed roughly 20 cm under JVC HD video camera and illuminated with abundant bright light. The assay was initiated by removing the strip between male and female and was video-recorded with a resolution of 1440x1080 (16:9) at 25 fps for 10 min. Videos were acquired in the .MTS file format, without rendering, tracked with a custom software called MateBook (see below) and behavior classifiers as well as locomotion parameters were used for data analysis.
Automatic video tracking with MateBook
To quantify male and female movements as well as courtship steps objectively, we employed a video-tracking software called MateBook, which fits an ellipse to the segmented image of each fly and provides XY coordinates of the ellipse center and head position throughout the video. Gender identity was correctly attributed based on size difference (see Figure S1 ), since females are typically slightly larger than males. Its accuracy in resolving occlusions depends on the assay and video format. For all the assays reported here, we used chambers of 18mm diameter and acquired video recordings at 25 fps. The courtship steps were identified with the help of classifiers based on Dankert et al. (2009): d Circling: the male keeps a minimum distance of 2 mm while walking sideways with a minimum speed of 3mm/s around the female; persistence is 0.5 s. d Copulating: occlusion persisting for at least 45 s. d Following: the male keeps distance to the female between 2 and 5mm, with maximum change of 2mm/s, while directly behind the female (absolute angle theta not larger than 30 ), while both flies are walking with a minimum speed of 2mm/s; persistence is 1.0 s. d Orienting: the male keeps the female in front (maximum absolute angle theta not larger than 60
) while walking at maximum 1mm/s; persistence is 1.0 s. d Wing extension: the angle formed by the major axis of the ellipse fitted to the body and the line through the center of the ellipse and the tip of the wing exceeds 30 ; persistence is 0.5 s.
Behavior upon presentation of isolated visual input with the fly-on-ball assay
To test male locomotion responses to specific visual stimuli isolated from chemosensory input, we used the fly-on-ball assay Buchner, 1976; Seelig et al., 2010) . A spot of UV glue was applied to the top of the head and anterior thorax of a cold anesthetized male and a metal tether was carefully placed on the glue spot such that it united the head to the thorax. Blue light was applied for 5 s to curate the glue. Next, the wings of the male were glued to the tether to prevent flight from occurring during the assay. After 10 min recovery, the tethered male was then mounted on top of a 6mm foam sphere smoothly suspended by air flowing from a sphere holder. The air was slowly heated to 34 C during the first 10 min of each experiment . Two optical tracking sensors were used to track the movement of the sphere from which fly locomotion was computed . The visual stimuli were on 3 LCD screens placed around the fly, forming a visual arena that covered 135 azimuth and 57 elevation of the fly visual field and were designed with Pandas 3D and Python 2.7. The visual stimuli where:
d Open loop grating: whole field grating with a spatial wavelength of 20 , 60% Weber contrast moving at 20 /s for 2 s per 7 s trial was presented in open loop . C -and thus constant walking -in the last 20 trials, which were used for analysis.
d Virtual cylinder with 3D bead: a virtual cylinder with 10cm height and 5cm radius was generated and lined with horizontal stripes bearing 20% Weber contrast. A virtual bead was placed inside this cylinder by creating an additional elliptic cylinder with half axes 0.25cm and 0.35cm and 0.25cm height. The virtual bead was made to describe a circle with a radius of 2.5cm at 0.05Hz (i.e., forward speed of 7.85mm/s) and was presented moving either in clockwise or counter-clockwise direction. At the start of each 60 s trial the male was randomly placed at any position in this virtual cylinder and the image presented on the visual arena was that of a camera located at the same XY coordinated as the center of the male. The cylinder walls were infinitively far away and the virtual bead was made to disappear from the screen if the male is close enough to touch the bead. The virtual bead was presented at two opposing contrasts with Weber contrast of 125%. In a third condition, the bead was made invisible such that distance and angle male to bead were still measured, but the male never visualized the bead. Each trial lasted 60 s.
Combinations of dark and bright beads, each in two directions, together with invisible bead lasted 180 s and were presented to the same fly for a total of fifteen times of which the last 12 (temperature stably at 34 C) were used for data analysis.
d Closed loop long bar: a single black 10 wide and 114 long bar was presented in closed loop exactly as in Bahl et al., 2013 .
Unilateral activation using spatially restricted light A tethered male placed on an air-suspended ball was exposed to a dark visual arena and to a 0.9mm diameter laser spot from a 635nm laser (LDM635/5LJM from Roithner LaserTechnik) placed roughly 30cm above the tethered male. The laser spot was touching the tip of either the left or right eye such that when light intensity was increased during stimulation, only half of the head was illuminated. 'Laser on' trials consisted of 10 s with 635nm laser coming on for 0.5 s with a light intensity of 32 mW/mm 2 and alternated with same duration 'laser off' trials. Twenty such trials per fly were used for data analysis.
Artificial activation
To obtain unilateral expression of CsChrimson in LC10 neurons we used stochastic activation based on a heat shock promotor driving the flipase Flp2:PEST stochastically to remove a stop cassette that prevented expression of CsChrimson (Wu et al., 2016) . Flies were heat shocked at 37 C for 15 or 30 min at the first larva stage, otherwise raised at 25 C. Single adult males LC10-SS1 > FRT-dSTOP-FRT-CsChrimson:Venus, hs-Flp2:PEST, aged 6 to 8 days old, were placed in the same chambers used for courtship assays. The chambers were illuminated with blue light from below and video recorded with JVC HD cameras equipped with a red filter to reduce overexposure to red light during stimulation in the video. Activation trials consisted of red LED light of intensity 3.8mW/cm 2 for 0.5, 2, or 10 s, repeated five times. An extra blue LED light located to the side of the chamber turned on with red
LEDs and allowed matching of the behavioral data with stimulation trials. Video recording and data analysis was similar to above with the exception that wing behavior was scored manually in which the scorer was blind to the genotype. The expression of CsChrimson in LC10 neurons was determined after the activation assay with dissection of the brain of each male. The expression pattern (no expression, unilateral and bilateral) was used to pool data from same expression flies for further analysis. Activation of all LC10 neurons with LC10-SS2 or LC10-lexA was performed in the same set up with the specified genotypes (see Table S2 ). Activation of P1 neurons was achieved by incubating males NP2361-GAL4>UAS-TrpA1 at 31 C for 2 min.
Immunohistochemistry
Staining of the fly brain and ventral nerve chord was performed as previously described (Yu et al., 2010) . Briefly brains and ventral nerve chords from 5 to 7 days old group-housed males were dissected in phosphate buffered saline (PBS; Figures 2A, 2B , and S3B) or in Schneider's insect media (all other figures) and fixed in 4% paraformaldehyde for 25 to 45min at room temperature (approx. 21 to 22 C). The brains were washed three times in 5 to 10min washes in PBST (PBS with 0.5% Triton X-100) followed by blocking in 10% normal goat serum in PBST for 2hrs at room temperature or overnight at 4 C. The primary and secondary antibodies were diluted in 5% normal goat serum in PBST and were incubated for 48 to 72h at 4 C. Several 15min washes in PBST at room temperature were performed between primary and secondary antibodies and before mounting the slide. Vectashield was used as the mounting media. Brains and ventral nerve chords were imaged using a Zeiss LSM 510 with a 25x oil immersion objective (Zeiss Multi Immersion Plan NeoFluar 25x/0.8) or a Leica SP5 with a 20x oil immersion objective (Leica Immersion 20x/0.7). See Key Resources Table for a list of antibodies used.
2-Photon calcium imaging
Calcium responses of LC10 neurons were recorded in w - (Figures 4, 5, 6 , and S6) and w + ( Figure S6 ) backgrounds. The eye color of LC10-SS1>GCaMP6m males was similar in w -and w + backgrounds ( Figure S6P ) as was the motion-based center surround ( Figures   5 and S6 ). Flies were prepared as in Arenz et al. (2017) . Briefly, a cold anesthetized fly was attached to a plastic column by the thorax with UV glue. The legs were spread out and glued to the same column with bee's wax. The head was bent ventrally such that the proboscis touched the thorax ventrally between the forelegs and midlegs and glued in this position with bee's wax, with care to leave the eyes and area in front of eyes free of wax. The column was mounted on an aluminum foil container, in turn built on a holder mountable on the top of the visual arena. The aluminum container was filled with Ringer solution (103mM NaCl, 3mM KCl, 5mM TES, 10mM trehalose, 10mM glucose, 3-7mM sucrose, 26mM NaHCO 3 , 1mM NaH 2 PO 4 , 1.5 CaCl 2 and 4mM MgCl 2 , pH 7.3 to 7.35, 280-290mOsmol/Kg) (Mauss et al., 2014) . A hole was cut in the dorsal cuticle behind the eye, trachea and fat body were removed. The fly preparation was checked for presence of pumping in the trachea (over roughly 80% of preparations) and mounted on the visual arena. We used a custom-built 2-photon microscope (Maisak et al., 2013) , and the ScanImage software (Pologruto et al., 2003) for imaging and acquisition of calcium signals. Images were acquired at a resolution of 128x128 or 128x64 pixels and at a frame rate of 5.96 or 11.89 Hz, depending on the stimulus, as described below. A second channel was used to receive a trigger signal from the stimulus arena that marked the starting time point of each stimulus and hence allowed for synchronization of the signals with the stimuli shown.
Visual stimuli were presented on a custom-built projector based arena (Arenz et al., 2017) . Briefly, two commercial micro-projectors were used to render the stimuli on an opaque, cylindrical rear projection screen that covered 180 in azimuth and approximately in elevation of the visual field of the fly. The fly was placed in the center of that cylinder. Stimuli were shown using only the green LED (OSRAM L CG H9RN) covering wavelengths between 500nm and 600nm and with an image refresh rate of 180Hz. The maximum luminance of the arena is 276 ± 48 cd/m 2 if the whole screen is set to white (i.e., a grayscale value of 255). Stimuli were programmed using Python 2.7 and Panda3D, an open source 3D rendering framework for Python and C++ users. Custom written software predistorted the images such that the projected images appeared regularly on the curved arena screen. Stimuli: For gratings, moving long or short bars, counter phase flickers, full-field flickers and edges, a texture covering the respective spatial parameters of the stimulus was placed on a virtual cylinder whose image was then projected onto the real cylindrical arena screen. Bright features in the stimuli had an intensity of 150 out of 255 grayscale values, and for dark features an intensity value of 25 was used. For looming spheres, the stimulus consisted of the image of a virtual sphere actually approaching the camera with a given constant velocity. This is equivalent to looming stimuli in which the size of the outline of a sphere is increased proportionally to the inverse tangent of the ratio between radius and distance of the sphere. The sphere had an initial size of 11.4 and approached within either 5 or 25 s. The image acquisition frame rate was 5.96 Hz.
For the motionless white noise, a randomly generated binary image of black and white squares covering 5 in azimuth and correspondingly in elevation was projected onto the arena screen and changed every 3 s. During each stimulus presentation 300 random images were shown.
For the motion noise stimulus, a pre-rendered video file (exported in H.264 format with lossless compression and 60Hz frame rate) was generated for later presentation on the arena screen. The screen was parted in 10 stripes and in each stripe a sine wave grating with 20 spatial wavelength, random initial phase and intensity scaling between 0 and 100 on the 8-bit grayscale value of the display was shown ( Figure 5C ). The expected result from a stimulus-response reverse correlation with such a stochastic motion stimulus would be zero for motion-selective neurons without direction selectivity, as is the case for LC10 neurons. We therefore restricted the velocities of the gratings to be front-to-back (progressive) in order to avoid averaging out correlations with the stimulus velocity due to this nonlinearity of the LC10 response. After stimulus onset, these 10 sine wave gratings moved all to one direction (front-toback) but following a randomly generated velocity profile independently from each other. This velocity profile was generated before by generating normally distributed random numbers for each frame of the video, setting the variance of the distribution to 2 cycles/s and the mean value to 0.5 cycles/s. The resulting array was low-pass filtered with a Gaussian window so as to smooth out frequencies above 5 Hz. This low-pass filtered random trace was taken as a velocity profile to control the phase velocity of the sine wave grating at each time point (Figures 5D-5F ). The mean of the phase velocity distribution, 0.5 Hz, corresponds for a 20 wavelength grating to an absolute velocity of 10 /s. Velocity values below zero were not allowed. The whole stimulus was 10 minutes long. For motion noise the image acquisition frame rate was 11.89 Hz whereas for other stimuli we used 5.96 Hz.
To test whether the temporal properties of the motion noise stimulus (phase velocities of the sine waves restricted below approximately 2 cycles/s) had a severe impact on our estimate of the neuron's temporal filtering properties, we performed a Wiener deconvolution on the data. To this end, the temporal component of the stimulus-response cross-correlation function was taken as the cross-section through the peak of the spatiotemporal cross-correlation function. We then calculated the Fourier-transform of the temporal component and estimated a frequency-dependent noise function using the standard deviation of that function over flies. We then applied a standard Wiener deconvolution algorithm to remove the impact of the non-white power-spectrum of our stimulus on our measurement (Figures S6U-S6Z ).
QUANTIFICATION AND STATISTICAL ANALYSIS
Analysis of MateBook data for behavior assays in an open arena MateBook was set to track two flies for single-pair courtship assay and provides parameters on a per frame and per fly-pair basis, which were uploaded into Python2.7 for further processing. To plot distance, angle q and relative position distributions, frames identified as misssegmented (mseg), occlusion (occ) or copulation (cop) by MateBook were removed from further analysis. For distance and angle q distributions, a probability density function was calculated per fly and averaged over flies. For female relative position heatmaps, all frames identified by MateBook as male extending a single wing (we [0]) were compiled. MateBook also provided classification of behavior on a per frame and per fly-pair basis using classifiers partially based on Dankert et al., 2009 but further refined (see above). Behavioral raster plots ( Figures S1 and S3) represented as ethograms relied on the per frame, per fly-pair classifier information with the hierarchy: orienting > following > wing extension > circling > copulation.
With the exception of wing choice and copulation, indices were calculated per fly-pair as:
behavior index = number of frames with behavior=total number of frames till copulation of end of movie Ã 100:
To compare following, orienting or wing extension indices across genotypes, P values were calculated using the Student's t test with Bonferroni correction. The copulation index was calculated as:
Copulation index = number of pairs copulating at the end of 10 min=total number of pairs tested Ã 100:
To compare copulation indices across genotypes, P values were calculated with Fisher's exact test with Bonferroni correction.
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A frame with single wing extension (we) was considered ipsilateral if the angle q male to female was between À15 and 90 if the extended wing was the right wing and between À90 and 15 if the extended wing was the left wing (where a positive angle q means right side). The wing extension was considered contralateral in if angle q was outside this interval. To quantify the wing bias for single wing extensions (WE in formula), a wing choice index was computed per fly:
wing choice index = number of frames ipsilateral WE À number of frames contralateral WE number of frames ipsilateral WE + number of frames contralateral WE :
The angle the female subtended on the male retina, i.e., angular size in the azimuth, was computed as the projection of an ellipsoid body, with major and minor axis based on the ellipse fitted on the female, onto the point with the XY coordinates of the male head per frame. In other words, the angular size of the female was the angle of the triangle vertex that sits on the male head XY coordinates. The triangle was drawn from the lines connecting the male head XY coordinates with the two points at the limits of the ellipse. The location of these two poins on the ellipse was determined by the projection of the ellipsoid body onto the XY coordinates of the male head.
For analysis of open arena artificial activation assays, MateBook was set to track one fly per arena. Frames labeled as misssegmented (mseg) were infrequent and were not removed. Frames with stimulus light on were acquired from a blue LED located laterally to the chambers which turned on with red light. Speed traces were plotted starting 10 s before the onset of red stimulus light (spaced every 30 or 60 s) and speed data per trial were pooled and averaged per fly and then averaged over all flies with the same genotype and expression. Because the base light that backlit the arena in activation assays was dim and because isolated males tended to spend time grooming their wings, wing behavior had to be manually scored (data in Figures 7E-7G ). This scoring was blind to expression pattern ( Figure 7E ) or genotype ( Figures 7F and 7G ). The frequency of wing extensions were compared across genotypes by calculating P values using the Student's t test with Bonferroni correction.
Analysis of locomotion in assays with tethered males walking on a suspended ball Over all behavioral tests on the ball set up, males were discarded if the average forward speed over all trials at 34 C was below 3mm/s or the average absolute rotational speed was higher than 30 /s. Forward and rotational speeds, as well as angle and distance male to bead when applicable (virtual cylinder with 3D bead and closed loop long bar), were first averaged over same-type trials and then over flies preserving trial structure. For tests with the virtual cylinder and 3D bead, for each frame the position of the 3D virtual bead relative to the male was computed from the distance and angle male to the bead using the cosine for DY and sine for DX. Frames of same type trials were concatenated over all flies and used to plot the heatmaps in Figures 3H-3S and S5J-S5T.
Analysis of 2-Photon calcium imaging
All data analysis was performed using custom-written software using Python 2.7 and taking advantage of the Python libraries SciPy 0.16.1, OpenCV 2.4.8 and NumPy 1.10.2. Artifacts originating from the movement of the sample while imaging were corrected for by automatically registering the calcium imaging stacks across time. With the exception of calcium responses to noise stimuli, changes in GCaMP6m fluorescence were analyzed as follows: regions of interest were selected based on signal correlation over time of each pixel with its six neighboring pixels and a threshold (Portugues et al., 2014) or were manually drawn on single punctae present in LC10 dendrites in the lobula or terminals in the anterior optic tubercle (AOTu).
Over all calcium imaging sessions, a single bright square-bar 20 was presented moving at 70 /s at several elevations to determine the preferred elevation of the current preparation. Several stimuli were combined into protocols in a pseudo-random order and presented three times per acquisition. The baseline calcium response F0 was the average of GCaMP fluorescence measured in the 15 frames prior to onset of the first stimulus in the acquisition. DF/F0 was computed and normalized per ROI over each acquisition. Triggers were then used to group the repetitions per stimulus and average them per fly and subsequently over flies.
For motionless white noise and motion noise, first a ''dynamic mean signal'' was calculated by low-pass filtering the signal during stimulus presentation with a Gaussian window of 120 s standard deviation. The resulting trace was subtracted from the signal to remove the offset and slow baseline fluctuations from the signal. Then the stimulus-response reverse correlation function was calculated. For motionless white noise, the signal was parted in 300 bins, according to the time frame (3 s long) of the presentation of each of the 300 presented random images. The mean response R n was calculated for each of these bins frames. Then, the stimulusresponse correlation function is given by Kðx; yÞ = X n S n ðx; yÞ,R n ;
where S n ðx; yÞ denotes the stimulus (depending on both spatial dimensions). The resulting weighted average Kðx; yÞ corresponds to the spatial correlation of the signal with this static white noise stimulus, i.e., the spatial receptive field (as estimated by this stimulus). When reverse correlation yielded defined and visible spatial receptive fields, the receptive field centers were determined by fitting a Gaussian to each of the cross-sections through the peak along both space axes. Then, all spatial receptive fields obtained were shifted upon each other and after normalization to the peak a mean spatial receptive field across all acquisitions was calculated (see Figure 5D ).
For motion noise, the reverse correlation was continuous in time. This stimulus is 1-dimensional and given by the random velocity profile vðy; tÞ (depending on the vertical coordinate y and time t) that controlled the motion of each of the 10 sine wave gratings. Here, the stimulus-response reverse correlation function is Kðy; tÞ = Z T 0 dt vðy; t À tÞ,RðtÞ:
The result is a spatio-temporal receptive field, that indicates the correlation of the signal with the velocity of each of the 10 gratings. The spatio-temporal receptive fields were normalized in z-score and only receptive fields with peak amplitudes above 7 standard deviations from the mean were taken (to avoid noise artifacts). Spatio-temporal receptive fields from different acquisitions and ROI's were peak-aligned and a mean spatio-temporal receptive field was calculated (Figures 5G-5I ). (U and V) Normalized power spectra of the temporal component of the stimulus-response cross-correlation function (red), with Wiener deconvolution (blue) with the stimulus power spectrum (black) for measurements in w + (U) and w -(V) backgrounds.
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(X and Z) The temporal receptive field (blue and red lines) plotted with the stimulus autocorrelation (black), not peak-aligned. The normalized stimulus response cross-correlation (red) was deconvolved with Wiener deconvolution (blue) with the stimulus auto-correlation function (black) for w + (H) and w -(I) backgrounds. The
Wiener deconvolution compensates for the blur of the data caused by the stimulus auto-correlation, but not by the calcium indicator (GCaMP6m). This deconvolution results in very similar time course of the estimated temporal filtering properties of LC10 neurons. The noise in the measured calcium transients at higher frequencies is enhanced by the deconvolution producing high frequency ripples in the time domain. 
